Introduction
for these proteins and delivering them directly into the Biolistic transformation is a method of introducing skin cells of mice. 17 Previously, we have demonstrated foreign DNA into intact cells and tissues via high velocity the generation of CTL responses against allogeneic MHC microprojectiles. 1, 2 It has been used successfully to transmolecules following genetic immunization of spleen cells form a wide range of plant tissues including calli, with allogeneic MHC DNA in vivo. 18 Here, we report the embryos, meristems, leaf pieces, microspores, pollen and generation of potent tumor-specific immunity to effect cell suspensions. [3] [4] [5] [6] Since its original application as a tumor regression following the biolistics transformation physical method for delivery of foreign genes into higher of tumor lesions of K36 tumor-bearing AKR mice with plants, microprojectile bombardment has been rapidly the H-2K b gene using a hand-held gene gun device. adopted as a versatile technology for gene delivery. Subsequently, the biolistic process has been successfully employed to deliver isolated genes to transform a variety Results of prokaryotes, yeast cells, algae, chloroplasts, mitochondria, animal cell lines and primary liver, skin, mammary Genetic immunization of tumor lesions of tumor-bearing gland and muscle tissues, 7-11 where they are expressed mice transiently. The process has also been used on mice, for Following the inoculation of 2 × 10 6 K36 tumor cells into delivery of plasmid DNA in vivo by accelerating DNAthe thigh region of AKR/J recipient mice, the K36 tumor coated microprojectiles into tissues. 12, 13 cells grew progressively and by day 12 tumor nodules Recently, biolistic transformation has also been reached an average size of 5 mm. To introduce the H-2K b employed as an efficient method to generate immune plasmid DNA into the tumor lesion using our gene gun responses against antigens encoded by plasmids. [14] [15] [16] For device, the tumor nodule was exposed surgically after example, antibodies to the secreted products of human anesthetizing the mouse. The mouse was then placed on growth hormone and human ␣1-anti-trypsin encoded by to the movable specimen-holding platform for immuniplasmids were detected following bombardment of zation as shown (Figure 1b ). The exposed tumor lesion murine ears with plasmid-coated microprojectiles.
14 Genwas transfected either with microprojectiles (tungsten etic immunization, by biolistics transformation, has also particles, T) alone, or with microprojectiles coated with been employed to produce polyclonal and monoclonal the pcDNA 1-
, of 4 cm between the gun barrel and the holding platform was found to give the maximum penetration and least tissue ID ONLY COLOUR ARTWORK Two weeks after immunization, the group of mice Similar results were obtained in two independent experiments. These results are summarized in Table 1 . which were transformed with microprojectiles coated with the pcDNA 1-H-2K b plasmid DNA were completely free of tumors (Figure 2c ). In contrast, tumors in mice Expression of the exogenously introduced H-2K b gene To detect the expression of H-2K b -specific mRNA, the olireceiving only the microprojectiles continued to grow reaching a diameter of more than 2 cm by the end of gonucleotide primers 5′-GCAGAATTCAGAAGTCGCGA ATCGCC-3′ and 5′-TCACGAATTCCACTCCAGGCAGC the 2-week interval (Figure 2d ). When the group of mice treated with microprojectiles coated with the pcDNA 1-TGT-3′ were employed. 19 This set of primers yields a PCR product of 1.1 kb for all H-2K alleles. 19 This was con-H-2K b plasmid DNA were studied, the microprojectiles tamination by H-2K RNA derived from AKR mouse cells as the PCR-primers employed were K-region-specific. (Table 2) . By PCR analysis, similar levels -specific mRNA could be specific) CTL reactivities in vitro (Table 3) . At the E/T ratio of 80, immunized spleen cells gave an average of detected from mice bearing tumors with sizes of approximately 5 mm, 10 mm or 15 mm at the time of immuni-76% cytolytic activity against the parental K36 target cells but only a background level of cytolytic activity (6%) zation ( Figure 3 , tracks 5 mm, 10 mm and 15 mm). However, the tumors with sizes of 15 mm at the time of against the EL-4 target cells (Table 3) (Table 2) . Therefore, the induction of tumor
ID ONLY COLOUR ARTWORK
The biolistic method for transformation by gene gun employs a shock wave to accelerate DNA-coated regression is dependent on the size of the tumor at the time of immunization with the H-2K b -coated tungsten microprojectiles into target cells or tissues. 1, 2 To accelerate the microprojectiles to high velocity, a blast of particles.
helium, 1, 2 or an electric discharge is usually used. 3 Our hand-held biolistic device employs a blast of air to accelInduction of anti-H-2K b and tumor-specific CTL No primary CTL response against the K36, EL-4 or L1210 erate the microprojectiles to high velocity thus effecting gene delivery and does not require helium or electric distarget cells could be demonstrated using spleen cells purified from AKR/J tumor-bearing mice immunized earlier charge thereby increasing its versatility. 18 The introduction of allogeneic and xenogeneic MHC with either tungsten particles alone or K b -T (data not shown). However, with spleen cells purified from the molecules to generate tumor-specific immunity has been well documented. [20] [21] [22] [23] [24] [25] In this report, we demonstrated group of tumor-bearing AKR/J mice which had been previously immunized with K b -T and in which the tumors that the introduction of allogeneic MHC DNA via gene gun directly into tumor lesions can effect complete tumor had regressed, strong secondary CTL reactivities against the K36 tumor cells could be demonstrated following in regression and the generation of potent tumor-specific secondary CTL. vitro stimulation with either mitomycin-C-treated EL-4 or K36 tumor cells (Table 3 -coated tungsten particles via the gene gun device is much lower than (Table 3) . At the E/T ratio of 80, immunized spleen cells gave an average of 46% cytolytic activity against the Hour previous observation when spleen cells were immunized with H-2K b -coated tungsten particles. 18 This could 2K b+ EL-4 target cells and 30% cytolytic activity against the parental K36 tumor cells following culturing with be due to the fact that tungsten particles can penetrate more spleen cell layers in comparison to the skin cells as mitomycin-C-treated EL-4 tumor cells for 5 days in vitro (Table 3 ). In contrast, mitomycin-C-treated K36 tumor previously demonstrated by us. 18 Nevertheless, this low level of H-2K b expression is sufficient to stimulate the cells could only stimulate secondary anti-K36 (tumor- EL4  80:1  44  47  25  35  5  5  40:1  34  34  23  27  5  6  20:1  25  23  17  19  2  3  10:1  14  13  9  11  6  5  K36  80:1  8  3  76  75  5  6  40:1  10  5  84  79  6  6  20:1  8  3  69  68  5  3  10:1  2  0  53  59  5  3 activation of tumor-specific CTL in the immunized aniconditions according to guidelines recommended by the Animal Holding Unit of the National University of mals (Table 3) .
Tumor size at the time of immunization apparently Singapore. plays an important role in determining the outcome as measured by tumor regression. For tumors having sizes Induction of tumor To induce tumors, 2 × 10 6 cells (in 0.1 ml RPMI) were of 15 mm or more, no regression could be demonstrated (Table 2 ). This would suggest that the area occupied by injected into the thigh region of one of the legs of AKR/J mice. Usually, tumor lesions were clearly visible by the tumor was too large and deep making it impossible for the H-2K b DNA-coated tungsten particles to cover day 12.
20 enough area of the tumor to induce a strong immune response against the tumor cells situated deep inside the DNA construct The pcDNA 1-H-2K b plasmid DNA employed throughtumor nodules. We also tried multiple immunizations of tumor nodules but saw no regression under these conout the present study has been previously described. 18 Briefly, the pcDNA 1-H-2K b is a mammalian expression ditions (data not shown). This leads us to believe that the H-2K b DNA-coated tungsten particles delivered via our plasmid obtained by cloning a 1.2 kb H-2K b full-length cDNA into the unique EcoR1 cloning site of the pcDNA gene gun did not penetrate deep enough into the core of the tumor nodules and as a result, tumor cells could still 1 mammalian expression vector designed for insertion of promoterless cDNA into the polylinker between the cytoproliferate within these microenvironments.
No primary CTL immune reactivities could be demonmegalovirus (CMV) enhancer/promoter and 3′ splicing and polyadenylation signals (Invitrogen, San Diego, strated against the K36 tumor cells from splenocytes purified from tumor-bearing AKR/J mice following immuni-CA, USA). zation with the H-2K b DNA-coated tungsten particles. However, a potent secondary anti-H-2K b and antitumor
Apparatus design
The features and manufacturing of the hand-held version CTL immune response could be obtained from splenocytes purified from tumor-bearing AKR/J mice following of the biolistic device employed in the present report have been described in detail previously (Ref.
18, and immunization with the H-2K b DNA-coated tungsten particles and stimulated either with mitomycin-C-treated Figure 1a ). The hand-held design facilitates direction of the particle path to target tissues. The device employs EL-4 or K36 tumor cells (Table 3 ). This is in contrast to our previous observations which demonstrated that for gunpowder bullets for discharge (Figure 1a -coated microprojectile has been described. Throughpresence of infiltrating professional antigen-presenting cells or tumor-specific precursor CTL cells at the tumor out the experiments, green gunpowder charge bullets (Olin, Winchester Group, East Alton, IL, USA) were used site which could easily be activated by the cytokines produced following the generation of a strong immune recfor the immunization. ognition towards the allogeneic H-2K b molecules. It is also interesting to note that mitomycin-C-treated Genetic immunization For immunization, the mice were temporarily anesthet-EL-4 cells could activate the differentiation of allospecific as well as tumor-specific precursor CTL whereas mitoized by a single injection of 2.5% avertin (Aldrich, Chemical Co, Milwaukee, WI, USA) as previously described. 18 mycin-C-treated K36 tumor cells could only activate tumor-specific precursor CTL (Table 3 ). This would tend To immunize the tumor lesions of tumor-bearing mice, the tumor lesions were exposed by cutting open the skin. to suggest that allogeneic and tumor stimulators elicited different effector molecules. It appears that the effector
The mouse was then positioned on the movable specimen holding platform (Figure 1a (p) ). The distance between molecules produced following stimulation by allogeneic stimulators such as EL-4 cells are less specific than the the gun barrel and the holding platform (Figure 1b (d) ) was adjusted to an empirically determined optimal discorresponding molecules elicited by K36 which are apparently more tumor-specific. It would therefore be tance which minimized tissue damage and maximized transformation. The device was triggered by pulling the interesting to compare the respective pattern of cytokines and other immunomodulators as elicited by allogeneic firing pin F (Figure 1a) . Two consecutive shots were given per immunization. After immunization, the skin and tumor-specific stimulators.
was repositioned using surgical clips. Similar surgical manipulation and immunization procedures were perfor-
Materials and methods
med on control tumor-bearing mice which were immunized with tungsten particles alone. Tumor cell lines and mice The K36, L1210 and EL-4 tumor cell lines have been preExpression of exogenous H-2K b gene To confirm the expression of the H-2K b gene in the tumor, viously described. 20, 21 Tumor cells were maintained in RPMI medium containing 5% newborn calf serum RT-PCR analysis for the presence of H-2K b -specific mRNA was performed using an RT-PCR kit purchased (GIBCO, Grand Island, NY, USA), 4 mm l-glutamine, 1 mm sodium pyruvate, and 50 g/ml gentamycin. AKR/J from Perkin-Elmer (Roche Molecular Systems, Branchburg, NJ, USA) and tumor biopsies obtained from mice inbred mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). Mice were maintained 7 days after immunization with tungsten particles alone, or tungsten particles coated with H-2K b DNA (H-2K b -under clean, temperature-controlled and well-ventilated
